Abstract Arsenic has been a recognized contaminant and toxicant, as well as a medicinal compound throughout human history. Populations throughout the world are exposed to arsenic and these exposures have been associated with a number of human cancers. Not much is known about the role of arsenic as a human carcinogen and more recently its role in non-cancerous diseases, such as cardiovascular disease, hypertension and diabetes mellitus have been uncovered. The health eVects associated with arsenic are numerous and the association between arsenic exposure and human disease has intensiWed the search for molecular mechanisms that describe the biological activity of arsenic in humans and leads to the aforementioned disease states. Arsenic poses a human health risk due in part to the regulation of cellular signal transduction pathways and over the last few decades, some cellular mechanisms that account for arsenic toxicity, as well as, signal transduction pathways have been discovered. However, given the ubiquitous nature of arsenic in the environment, making sense of all the data remains a challenge. This review will focus on our knowledge of signal transduction pathways that are regulated by arsenic.
Introduction
Humans have been exposed to arsenic throughout the course of history, and the toxicity and medicinal properties associated with arsenic have been recognized for more than two centuries (Zhu et al. 2002) . Most often, humans are unknowingly exposed to arsenic by ingestion of contaminated ground water because arsenic is physically associated with geological formations and leaches into ground water supplies through natural geological processes. Without water puriWcation systems or water monitoring procedures, human consumption of drinking water that has been contaminated with arsenic is the most common route of exposure, often due to the lack of alternative drinking water supplies. In addition to natural environmental contamination, human activity, such as the mining of precious metals has created a new mechanism for arsenic exposure, when human exposures are considered from a historical perspective. The smelting or enrichment procedures that are used to isolate the valuable metals from the impurities leave arsenic behind in mine tailings. Consequently, arsenic either leaches into the ground water or particulates in air are contaminated with arsenic due to erosion and wind near these mining sites. The burning of coal and the production of coal Xy ash is another source of arsenic that contributes a small fraction of airborne arsenic (Chappell et al. 1999 ). Airborne particulates trap arsenic which is then inhaled by humans and likely contributes to the deleterious health eVects associated with arsenic exposure. Regardless of the route of exposure, arsenic poses a human health risk due in part, to the activation or inhibition of cellular signal transduction pathways.
Human populations throughout the world are exposed to arsenic and these exposures have been associated with skin cancer and cancers of the bladder, kidney, liver and lung (Smith et al. 1998 ). In addition, arseniasis is manifested by other clinical conditions that include skin hyperpigmentation and depigmentation, palmoplantal hyperkeratosis, dermatitis, gastroenteritis, bronchitis, peripheral polyneuritis and polyneuropathy, hepatopathy, conjunctivitis, lens opacity, diabetes mellitus, mental retardation, ischemic heart disease, electrocardiographic abnormality, cerebrovascular accident, peripheral vascular disease leading to gangrene of the limb, microcirculation abnormality and hypertension (Chappell et al. 1999) . Although the health eVects associated with arsenic are numerous and even if some of these health eVects are later found unrelated to arsenic exposure, the mere recognition of the association between arsenic exposure and human disease has intensiWed the search for molecular mechanisms that elucidate the biological activity of arsenic in humans. With the increasing diYculty, municipalities face to provide safe drinking water to their residents due to scarce resources and it is becoming increasingly more important for scientists and clinicians to provide sound and rational scientiWc evidence that eVectively reassures the public of the risks associated with arsenic exposure.
Over the last few decades, some of the cellular mechanisms that account for arsenic toxicity, as well as the signal transduction pathways regulated by arsenic, have been uncovered. However, given the ubiquitous nature of arsenic in the environment, making sense of all the data remains a challenge. Although other review articles have been written on the subject of arsenic in recent years (Carter et al. 2003; Hughes 2009; Kitchin and Wallace 2008; Thomas et al. 2001 Thomas et al. , 2007 this review will focus on our knowledge of signal transduction pathways that are regulated by arsenic.
With regard to environmental human exposures, arsenate [H 3 AsO 4 ] and arsenite [As(OH) 3 ] are the principle arsenic species of concern. Recent review articles have discussed the chemical and metabolic aspects of arsenic and the reader is referred to those articles for further details on the subject (Carter et al. 2003; Thomas et al. 2001) . Movement of arsenate into the cell occurs through phosphate transport proteins due to the fact that arsenate, with an oxidation state of (V), is chemically similar to phosphate (Bennett and Malamy 1970; Bun-ya et al. 1996) . With serum concentrations of phosphorous at approximately 3.4 mg/dL [34,000 g/L; de Boer et al. (2009)] , an individual exposed to 50 g/L (50 ppb) arsenate is likely to have very little cellular uptake of arsenate due to competition with the relatively higher concentration (680-fold) of phosphate in serum (Fig. 1) . Therefore, when researchers study arsenic, arsenite is the species that is usually studied.
Arsenate is reduced to arsenite [As(V) ! As(III)] and at physiological pH, arsenite is an uncharged species. As such, arsenite can gain entry into the cell by diVusion, Fig. 1 Arsenic signaling. Arsenate [As(V)] may enter the cell through phosphate anti-transporters located at the cell membrane, which normally transport phosphate into the cell and hydroxide out of the cell. Arsenite [As(III)] may enter the cell via cell diVusion or through aquaporin transporters (AQP9) located the cell membrane. There is evidence that AQP9 may transport arsenite out of the cell. At physiological pH arsenate is reduced to arsenite, which may undergo a Fenton reaction and produce reactive oxygen species (ROS). ROS may interact with NF-E2 related factor 2 (Nrf2) which would then cause Nrf2 to disassociate from the Keap1-Cul3 complex and translocate to the nucleus. In the nucleus, Nrf2 binds to a small MAF protein and to the antioxidant response element (ARE) located at the promoter region of phase II and antioxidant genes, resulting in the transcription of antioxidant enzymes such as NQO1, GST, and HO-1. Arsenite activates the G-protein-coupled receptor, S1P1. Activation of the S1P1 receptor has been shown to activate the Ras-Raf pathway leading to cell proliferation and survival 123 making arsenite potentially much more toxic than arsenate. Moreover, arsenite can enter cells via transport proteins. Mammalian aquaglyceroporin (AQP9) has been reported to transport arsenite into cells when expressed in yeast (Liu et al. 2002) and lack of AQP9 expression in mice leads to increased toxicity, suggesting that arsenite export from cells is also mediated by AQP9 (Carbrey et al. 2009) (Fig. 1) . The latter study re-emphasizes that arsenite uptake also occurs through AQP9-independent mechanisms which have not been characterized to date. Once inside the cell, arsenite may be metabolized to methylated species through reduction and methylation reactions. In cells, such as adipocytes and myocytes, for example, arsenite is not metabolized while arsenite is metabolized to dimethylarsinic acid [DMAs(V)] in hepatocytes. Undoubtedly, these diVerences in arsenic metabolism will result in the regulation of unique signal transduction pathways.
In vascular endothelial or liver sinusoidal endothelial cells, arsenite stimulates the sphingosine-1-phosphate receptor (S1P 1 ), which is a G protein-coupled receptor (Straub et al. 2009 ). Given that arsenic exposure typically occurs via ingestion of contaminated drinking water, it is particularly disconcerting to know that arsenic functions as a sphingosine-1-phosphate receptor mimetic (Fig. 1) . The treatment of endothelial cells with pertussis toxin, which is a selective inhibitor of the G o and G i family of G proteins, abrogated arsenite-dependent responses further re-enforcing the fact that arsenite is acting through an extracellular receptor. Moreover, knocking down sphingosine-1-phosphate receptor expression by siRNA resulted in the loss of arsenite-dependent Rac1 GTPase activity. These results clearly demonstrate that arsenite at environmentally relevant doses is capable of stimulating signaling pathways that elicit physiological responses. Of greater concern is the fact that Rac signaling is essential in cell survival and cell motility, which are signaling events that are hallmarks of tumorigenic transformation and metastasis (Sun et al. 2006) . Knowing that arsenite can activate Rac through the sphingosine-1-phosphate receptor may help in explaining how arsenite contributes to the development of cancer and may identify the sphingosine-1-phosphate receptor as a therapeutic target in cancer prevention.
In liver sinusoidal endothelial cells, extensive fenestrations and weak junctional connections between cells enables liver hepatocytes to pass nutrients and macromolecular waste for eYcient metabolism under normal physiological conditions. In the presence of arsenite, pathological defenestration and capillarization of sinusoidal endothelial cells induced the expression of junctional platelet endothelial cell adhesion molecule (PECAM)-1 (Straub et al. 2008) . In addition, the NADPH oxidase system is required for capillarization of sinusoidal endothelial cells, which indicates that superoxide and reactive oxygen species (ROS) are also part of the pathological signaling mechanism. In another study investigating the role of the NADPH oxidase pathway, Suzuki et al. used apocynin, an inhibitor of NADPH oxidase, and demonstrated decreased cytotoxicity of rat bladder epithelial cells (Suzuki et al. 2009 ). Because the Rac1-GTPase is activated by arsenite through stimulation of the sphingosine-1-phosphate receptor, at least in endothelial cells and possibly epithelial cells, arsenite regulates a signal transduction pathway that begins with a G protein-coupled receptor, G protein, and eVector enzyme (i.e. NADPH oxidase) that is capable of increasing PECAM-1 gene transcription just like other canonical G protein-coupled receptor pathways. These results conWrm what many in the signaling Weld believed all along, that is, arsenic is not merely a cellular toxicant, but has pleiotropic eVects because it is also capable of activating cellular responses by stimulating protein activity (Fig. 1 ).
Arsenic and diabetes
Historically, cancer has been the public health concern typically associated with arsenic exposure. However, the discovery of unique populations in Bangladesh, Taiwan, and Chile that have been chronically exposed to arsenic, usually in their drinking water, has allowed epidemiologists to investigate other clinical conditions associated with arsenic exposure. More recently, researchers have evaluated epidemiological data suggesting a causal link between arsenic exposure and diabetes (Navas-Acien et al. 2008 , 2009 Steinmaus et al. 2009 ). Although lacking consensus on the issue, there is biochemical data to support the idea that arsenic can adversely aVect glucose homeostasis and the insulin signaling pathway, thus providing evidence that arsenic could cause or exacerbate the development of diabetes mellitus.
Disruption of glucose homeostasis can involve impaired glucose utilization or insulin resistance by peripheral tissues, such as skeletal muscle and adipose tissue. In C57BL/ 6 mice that were exposed to 50 ppb As(III) in the drinking water, the mice had high expression of hexokinase II indicative of dysregulation of glucose homeostasis (Pysher et al. 2007 ). In adipocytes, 50 M arsenite inhibited insulindependent glucose uptake with an estimated IC 50 of 25 M (Paul et al. 2007 ). In contrast, the monomethylated form of arsenite, monomethylarsonous acid [MMA(III)] inhibited insulin-dependent glucose uptake with an IC 50 of 4 M, demonstrating the greater potency of MMA(III) over arsenite. Both arsenite and MMA(III) inhibited GLUT4 recruitment to the plasma membrane of insulin-stimulated adipocytes. Further analysis of the proteins in the insulin signaling pathway demonstrated a loss of phosphorylation of Akt at Thr308 within the activation loop and Ser473 in the hydrophobic motif of the carboxyl terminus. Akt is required for GLUT4 translocation and glucose transport (Kohn et al. 1996) , and loss of phosphorylation at essential sites required for Akt activation suggests that arsenite and MMA(III) act upstream of Akt (Fig. 2) .
It seems unlikely that both arsenite and MMA(III) inhibit two diVerent enzymes since the implication is that PDK and rictor-mTOR have the same "arsenic" binding site. Phosphoinositide-dependent kinase (PDK)-1 is known to phosphorylate Akt at Thr308 (Alessi et al. 1997 ) and the rictor-mTOR (mammalian target of rapamycin) complex phosphorylates Ser473 (Sarbassov et al. 2005) . If one considers the molecular mechanism for the dual phosphorylation of Akt, a more viable explanation emerges. Scheid et al. demonstrated that PDK-dependent phosphorylation of Thr308 of Akt requires the prior phosphorylation of Ser473 by rictor-mTOR (Scheid et al. 2002) . Inhibition of GLUT4 recruitment to the plasma membrane probably occurs through inhibition of rictor-mTOR since inhibition of rictor-mTOR would prevent phosphorylation of Ser473 and indirectly inhibit PDK-dependent phosphorylation of Thr308 (Fig. 2) . Therefore, loss of dual phosphorylation of Akt could occur by inhibition of only rictor-mTOR.
mTOR is a central protein in two distinct multi-protein complexes consisting of mTOR complex 1 (mTORC1) and mTORC2 [reviewed in (Laplante and Sabatini 2009)] . mTORC1 consists of Wve proteins while mTORC2 has six proteins. Both mTORC1 and mTORC2 regulate cell metabolism, growth, proliferation and survival. Given the pleiotropic eVects of arsenic in cell biology and toxicology, it may not be surprising to learn in the future that arsenic either inhibits or activates speciWc protein components in either of the mTOR signaling networks. However at this time, there are no reports evaluating mTOR activity in the presence of arsenite or MMA(III), but as the protein components of the mTOR pathways are further elucidated, studies evaluating the role of arsenite or MMA(III) in the mTOR pathways will become feasible.
Arsenic and ROS
Arsenite is known to chemically modify cysteine residues in proteins, with a preference for dithiols (Delnomdedieu et al. 1993) . In bacteria, the arsRDABC operon confers resistance to arsenite. The arsD and arsR genes encode the ArsD and ArsR proteins, respectively. The function of the ArsD and ArsR proteins is to repress arsRDABC transcription. When arsenite concentrations increase in the environment of the bacteria, the ArsD and ArsR proteins bind arsenite which de-represses transcription of the arsRDABC operon because ArsD and ArsR are released from the arsR-DABC promoter DNA (Li et al. 2001 ). For ArsR, dithiols from cysteines 32 and 34 are needed for activity (Shi et al. 1996) , while vicinal dithiols from cysteines 12-13 and Fig. 2 Mechanisms of arsenic-induced insulin resistance. Under normal conditions insulin binds to the insulin receptor located at the cell membrane. Activated insulin receptor autophosphorylates and transphosphorylates the subunits of the receptor located at the innermembrane. This is followed by phosphorylation of the insulin receptor substrate (IRS) causing activation of the phosphatidylinositol 3-kinase (PI3K) pathway leading to phosphorylation of AKT at serine 473 by mTOR. This phosphorylation allows for phosphorylation of AKT at threonine 308 by PDK-1. These phosphorylations of AKT at serine 473 and threonine 308 allow for the stimulation of GLUT4 from cellular vesicles to translocate to the cell membrane and allows for glucose to enter the cell. It is postulated that arsenite and its metabolite MMA(III) directly inhibit the phosphorylation of AKT at serine 473 by mTOR (continuous red line) and indirectly inhibit phosphorylation of threonine 308 by PDK-1 (broken red line) thereby preventing the translocation of the GLUT4 transporter to the cell membrane and leading to insulin resistance 112-113 were needed for activity for ArsD (Li et al. 2001 ). These data demonstrate that arsenite aVects protein activity through what appears to be covalent modiWcation of cysteine residues in proteins. The preference for modiWcation of cysteine also suggests that arsenite can aVect the redox status within the cell.
It has been demonstrated that arsenite has the ability to induce the formation of ROS in a wide variety of cells including human vascular smooth muscle cells, human epithelial bladder cells (Eblin et al. 2007 ), human-hamster hybrid cells, vascular endothelial cells and Chinese hamster ovary cells to name a few (Leonard et al. 2004; Qian et al. 2003; Shi et al. 2004 ). In the presence of Fe 2+ , arsenite undergoes a Fenton reaction and produces ROS resulting in cellular damage (Felix et al. 2005; Leonard et al. 2004; Shi et al. 2004 ). DNA damage is one of the most prominent toxic eVects produced by ROS in cells exposed to arsenite (Chen et al. 1998; Felix et al. 2005; Gurr et al. 1998) , which frequently results in apoptosis (Chen et al. 1998; de la Fuente et al. 2002; Felix et al. 2005; Jiang et al. 2001; Roboz et al. 2000) . Gupta et al. showed that chronic exposure of arsenite (300 g/L) in rats resulted in depletion of glutathione and an increased oxidized glutathione and lipid peroxidation in the brain (Chattopadhyay et al. 2002; Chaudhuri et al. 1999) .
Arsenite produces alterations in intracellular oxidation/ reduction reactions that activate signaling pathways that regulate early response genes. The activation of these early response genes is thought to be in response to arseniteinduced cellular stress via changes in intracellular redox status (Felix et al. 2005; Kapahi et al. 2000) . Stress response transcription factors, such as activator protein-1 (AP-1) and nuclear factor-kappa B (NF-B) play an important role in these early responses and regulate the expression of a variety of downstream target genes, such as pro-inXammatory genes that are involved in cellular antioxidant defense mechanisms (Kapahi et al. 2000) . Activation of these stress response transcription factors is arsenic concentration and cell type dependant. For example, high concentrations of arsenite (>10 M) have been shown to generally inhibit NF-B activation (Felix et al. 2005; Qian et al. 2003) , whereas treatment with low, sub-cytotoxic doses (<10 M) of arsenite generally induced NF-B and AP-1. The molecular mechanisms by which arsenite aVect the activation of the NF-B pathway have not yet been fully identiWed although some evidence has come forth that arsenite may activate NF-B independently of the degradation of I B in airway epithelial cells (Qian et al. 2003) implying that there may be an alternative mechanism for arsenic-induced activation of NF-B.
Nrf2 is another transcription factor of interest in arsenicdependent signal transduction pathways. Nrf2 is a central regulator of a variety of antioxidant enzymes such as, NQO-1, HO-1, GCLC, CAT, SOD and many others. The transcription of these enzymes is carefully controlled through antioxidant response elements (AREs) located within their promoter regions (Pi et al. 2007; Wang et al. 2008) . ROS have the ability to activate signal transduction pathways as part of normal system physiology. For example, in pancreatic -cells, glucose increases the intracellular accumulation of H 2 O 2 , which then results in the secretion of insulin (Pi et al. 2007 ). -cells express low levels of antioxidant enzymes, thereby rendering them more susceptible to oxidative damage and present an interesting model for the study of ROS as signaling molecules. Pi et al. found that the accumulation of H 2 O 2 produced in response to increased levels of glucose was H 2 O 2 speciWc and that other ROS producing molecules, such as arsenite suppressed the secretion of insulin and induced the nuclear accumulation of Nrf-2 and the induction of its target genes, such as HO-1, NAD(P)H and -glutamate cysteine ligase catalytic subunit (Pi et al. 2007; Wang et al. 2008) . The activity of Nrf2 itself is tightly regulated by Keap1 at multiple levels: (1) Keap1 senses disturbances in cellular redox conditions and modulates the Nrf2 response accordingly; (2) Keap1 in a complex with Cul3, functions as a E3 ubiquitin ligase and constantly targets Nrf2 for ubiquination and degradation; and (3) When Nrf2 is activated, E3 ubiquitin ligase activity is inhibited leading to an increase in Nrf2 levels and increased translocation of Nrf2 into the nucleus (Wang et al. 2008) . Wang et al. showed that arsenite activates the Nrf2 pathway in UROtsa cells. In addition, they showed that arsenite enhanced the interaction between Keap1 and Cul3, which resulted in impaired dynamic assembly/disassembly of the E3 ubiquitin ligase for Nrf2 and thus decreased Nrf2 degradation. Interestingly, the researchers also found that induction of Nrf2 by arsenite is independent of the Cys151 residue in Keap1 that is required for Nrf2 activation by other environmental stressors, such as tertbutylhydroquinone and sulforaphane (Wang et al. 2008 ). This novel Wnding provides evidence for distinct mechanisms of Nrf2 activation by arsenite and may provide a molecular target for future therapeutics although much more research is needed in this area (Wang et al. 2008) .
Oxidative stress has also been associated with increased cellular proliferation after exposure to low levels of arsenite treatment ). In human embryonic lung Wbroblasts (HELF) cells, it has been shown that low levels of arsenite (0.5 M) stimulated cellular proliferation, while higher concentrations (5-10 M) actually inhibited proliferation and cell growth. These observations correlated positively with ROS levels and arsenite concentration . In low level arsenite-treated groups, the activity of the antioxidant enzyme superoxide dismutase (SOD) was signiWcantly increased over non-treated cells, but inhibited in the cells treated with the higher concentration of arsenite, thereby providing evidence that there is a concentration-dependent relationship between arsenite and ROS production (Eblin et al. 2008; Yang et al. 2007 ).
Although it has been shown that arsenicals, such as As(III) and MMA(III) are capable of activating the MAPK signaling pathways in a variety of cells (Drobna et al. 2003; Eblin et al. 2007 Eblin et al. , 2008 He et al. 2007; Liu et al. 1996; Luster and Simeonova 2004; Simeonova et al. 2002) , it has not been shown whether the activation of MAPK signaling is caused directly by arsenite, activated by arsenite-induced ROS or activated by another indirect mechanism. Eblin et al. set out to answer this question in UROtsa cells. They reported that ROS production is a viable mechanism for the signaling alterations seen in UROtsa cells exposed to arsenic. To determine the importance of ROS in the MAPK signaling cascade and the downstream induction of Src and COX-2, Eblin et al. employed the use of speciWc ROS antioxidants and used these concomitantly with low levels of arsenic (1 M). They found that COX-2 protein and mRNA levels were more inXuenced by altering levels of ROS in cells and that the addition of the antioxidant enzyme SOD eVectively blocked As(III)-associated COX-2 induction. These data strongly suggest that signaling pathways that are sensitive to changes in ROS may be more responsive to low level arsenic exposure. The duration of arsenic exposure may also be a critical component of signaling mechanisms that signiWcantly contributes to the biological response associated with arsenic exposure.
Malignant transformation
Chronic, low dose exposure to arsenite is known to cause cancer in humans, but the mechanism for arsenite-induced cancer is still unknown. To explore this question, Zhao et al. (1997) exposed a rat liver cell line, TRL 1215, to 500 nM sodium arsenite for at least 18 weeks. Even though TRL 1215 cells are diploid and non-tumorigenic, chronic exposure to arsenite in cell culture and subsequent injection into nude mice resulted in a marked increase in tumor incidence. In addition, genomic DNA hypomethylation increased along with tumor incidence. A further evaluation of the phenotypic properties of transformed TRL 1215 cells indicated that arsenic-induced apoptosis was diminished in the transformed cells relative to passage matched cells (Qu et al. 2002) . Characterization of MAPK activity demonstrated that JNK activity from arsenic-transformed cells was less than the non-transformed cells, while the ERK and p38 MAPKs responded similarly in both cell types. Although these data provide some mechanistic insight that begins to elucidate how arsenic-induced malignant transformation occurs, it is still unclear how JNK phosphorylation is selectively diminished in arsenic-transformed cells.
In terms of malignant transformation, it is interesting to note that even though MMA(III) is found in human urine samples (Le et al. 2000) and is more cytotoxic than arsenite (Petrick et al. 2000; Styblo et al. 2000) , it is arsenite and not MMA(III) that is mutagenic. Toby Rossman's group showed that a low dose of arsenite (i.e. 0.1 M) was three times more potent at inducing anchorage-independent cell growth of HOS human osteosarcoma cells than 0.2 M arsenite (Mure et al. 2003) . Transformation of HOS cells required at least 30 generations of continuous arsenite exposure suggesting that an accumulation of molecular events is required before malignant transformation occurs. Although arsenite-induced apoptosis was not measured in this study, the results suggest that HOS cells treated with 0.1 M arsenite evade apoptotic cell death, while cells treated with 0.2 M arsenite cross a threshold of cellular damage that is, in part, managed by cell death mechanisms such that damaged cells are not allowed to accumulate mutations which get passed on to subsequent generations after cell division. If this mechanism were proven correct, then it would support the need to further assess low dose arsenic responses, since the low dose biological responses could have greater deleterious health eVects.
An additional hallmark of cell transformation is increased proliferation. Chronic arsenite exposure (5 M) for 30 weeks to a non-tumorigenic, human prostate epithelial cell line, RWPE-1, resulted in malignant transformation (Benbrahim-Tallaa et al. 2005) . The cells were observed to overexpress K-Ras. Although K-Ras was not mutated at the canonical codons 12, 13 and 61 and changes in cell proliferation were not reported, increased ERK activity was reported and correlated with K-Ras expression suggesting that chronic arsenite exposure might increase cell proliferation in prostate epithelial cells (Benbrahim-Tallaa et al. 2007 ). In addition, arsenic-transformed RWPE-1 cells overexpressed prostate-speciWc antigen (PSA) in the absence of androgen, suggesting that chronic arsenite exposure could exacerbate prostate cancer progression to more aggressive forms of the disease.
In addition to K-Ras expression, arsenite exposure activates the ERK MAP kinases which function downstream of the Ras proteins. The p53 binding protein, Mdm2 (mouse double minute 2), is up-regulated in response to arsenite in 53-null MEFs via the ERK MAP kinases (Huang et al. 2008) . Mdm2 is an ubiquitin E3 ligase that targets p53 for ubiquitination and degradation by the 26S proteasome or nuclear export. In cells pre-exposed to 1 M arsenite for 24 h, the p53 response to genotoxic stress was lost, presumably due to up-regulation of Mdm2 which resulted in the cytoplasmic localization of p53. Once in the cytoplasm, p53 loses the ability to function as a transcription factor and is unable to induce an apoptotic response to DNA damaging agents. Consequently, by incapacitating the p53 response arsenite promotes malignant cellular transformation through the accumulation of mutations and genomic instability.
Epidemiological studies have provided compelling evidence that inorganic arsenic is a human carcinogen (Smith et al. 1998 ). However, it has been diYcult to recapitulate the results from human exposures in adult experimental animals. Waalkes et al. (2004) altered their experimental design such that they treated mice in utero and then assessed tumor incidence in the adults. They showed that in utero exposure to arsenite in the drinking water of pregnant mice for only 10 days was suYcient to increase tumor incidence which was manifested during the adult lives of the mice. Gestational arsenite exposure in mice resulted in liver, ovary, lung and adrenal gland tumors. It is interesting to note that the liver and lung are target organs typically associated with carcinogenesis in humans (Zhu et al. 2002) . In a similar experimental design, Lantz et al. (2009) exposed pregnant mice with arsenite and assessed lung function. They discovered that lung function was compromised when arsenite exposure occurred in utero. These results demonstrate that the timing of arsenite exposure can have profound eVects depending on when the exposure occurs during development.
Arsenite is also known to target the skin in humans, and the gestational model for arsenite-induced carcinogenesis in mice did not result in skin tumors unless the mice were also exposed to a tumor promoter like TPA (Waalkes et al. 2004) . These results support the study of Rossman et al. who showed that the oral exposure of inorganic arsenite to adult mice had no eVect unless the mice also received ultraviolet irradiation (Rossman et al. 2001) . Although the mechanism is still unknown, pretreatment of keratinocytes with arsenite and subsequent exposure to UVB irradiation resulted in a decreased pro-apoptotic response (Chen et al. 2005) suggesting that arsenite promotes cell survival signaling pathways that permit mutagenic events to propagate within the genome of the skin epithelium. In support of this conclusion, Pi et al. (2005) showed that chronic arsenite exposure to keratinocytes resulted in increased stability of activated Akt and apoptotic resistance.
Arsenite covalently reacts with Cys179 of the I B kinase (IKK) which inhibits the catalytic activity of IKK (Kapahi et al. 2000) . As a result of IKK inhibition, cellular responses that require NF-B transcriptional activity can be inhibited by arsenite. In melanoma cells, NF-B is highly expressed and leads to an anti-apoptotic response (Ueda and Richmond 2006) . However, in EGF-R-positive melanoma cells, moderate treatment (5-10 M) with arsenite decreases NF-B levels and induces PARP cleavage and apoptosis (Ivanov and Hei 2005) . Although IKK inhibition was not reported, Ivanov and Hei demonstrated a decrease in NF-B DNA binding activity suggesting that arsenite might target IKK in melanoma cells. These results also suggest that arsenite might have clinical utility in treating melanoma. In fact, EGF-R inhibitors when combined with arsenite increased the apoptotic response in melanoma cells (Ivanov and Hei 2005) . Thus, a combination of an EGF-R inhibitor with arsenite increased the apoptotic response in melanoma cells while pretreatment of keratinocytes with arsenite when combined with UVB irradiation, a known inducer of apoptosis, resulted in a decreased apoptotic response. These examples illustrate the tissue-speciWc responses associated with arsenic exposure. All together, these results demonstrate that arsenite likely has distinct mechanisms of action that are highly dependent on the exposed tissue, as well as the timing of arsenite exposure.
Arsenic is also used as a cancer therapeutic for example, in melanoma cells and the use of arsenite when combined with menadione increased the cell death response (Chowdhury et al. 2009 ). While in non-malignant cells, arsenite and menadione failed to elicit a cytotoxic response, suggesting that this drug combination may prove useful in the treatment of melanoma. In malignant melanoma cells, the apoptotic response was accompanied with ROS production, activation of the p38 MAPK, phosphorylation of Ser46 of p53 which is indicative of apoptotic cells, and increased expression of p21 and p27. The cyclin-dependent kinase (CDK) inhibitor, p21, and its relative, p27, regulate cell the cycle check point at G 1 by binding to CDK/cyclin complexes.
Melanoma cells are typically resistant to apoptosis which is one reason why this form of skin cancer is so hideous. However, an increase in cell death in melanoma cells in response to arsenite and menadione, another ROS inducer, may oVer a new therapeutic approach in the treatment of a deadly disease. Arsenite is approved for the treatment of acute promyelocytic leukemia because it induces an apoptotic response (Chen et al. 1997; Sun et al. 1992) . The apoptotic response may be due to a caspase-dependent loss of Akt (Mann et al. 2008) . Similarly, arsenite induces an apoptotic response in melanoma cells, but is not approved for the treatment of melanoma.
Arsenite is a complete carcinogen in mice after gestational exposure (Waalkes et al. 2004) . Using a known human carcinogen-like arsenite to derive a positive as opposed to a negative health outcome suggests that the timing of arsenite exposure is critical when evaluating an arsenite-dependent biological response. In contrast, the use of arsenite to treat a disease-like melanoma which is typically associated with adolescents and adults, and not children under 14 years of age (Berg and Lindelof 1997) and may provide a therapeutic beneWt in the treatment of melanoma.
The seemingly opposing carcinogenic and apoptotic responses associated with arsenic suggest that arsenic aVects signaling pathways diVerently during gestational and adult periods of life. The diametrically opposing physiological phenotypes associated with arsenic exposure indicate that a careful comparison of apoptotic signaling pathways between neonates and adults might identify some important mechanistic signaling pathways that are uniquely aVected by arsenic. Moreover, the results from such studies might identify periods of enhanced arsenic susceptibility during a lifetime. It has been known for over 40 years that sunlight exposure in young children predisposes them to melanoma later in life, and now we are beginning to appreciate that arsenic exposure may have deleterious consequences when exposures occur in neonates or young children, but may have therapeutic beneWts later in life.
Although arsenic might have a therapeutic beneWt in treating melanoma in adults, arsenic exposure in drinking water from artesian wells in Taiwan was associated with prostate cancer mortality in humans (Chen et al. 1988) . Similarly, when looking at the role of arsenic in drinking water and prostate cancer in the US, Lewis et al. (1999) concluded that there was a signiWcant elevation of prostate cancer mortality associated with arsenic in drinking water. However, it is diYcult to know from these studies whether gestational, adolescent, adult, or a cumulative lifetime of arsenic exposure contributed to the development of prostate cancer.
Chronic arsenic exposure to prostate epithelial cells is suYcient to induce a malignant phenotype in vitro. Human prostate epithelial cells, RWPE-1, were exposed to 5 M arsenic for 30 weeks and inoculation of the cells into immunocompromised mice resulted in tumor growth, whereas the passage matched cells were not tumorigenic (Achanzar et al. 2002) . In the arsenic-treated RWPE-1 cells, DNA hypomethylation was observed as well as overexpression of unmutated K-Ras (Benbrahim-Tallaa et al. 2005) . Although DNA hypomethylation of the promoter regions of some genes is often associated with overexpression of the cognate protein, K-Ras overexpression was not associated with DNA hypomethylation as the promoter region of both the arsenic-treated and passage matched RWPE-1 cells was essentially unmethylated. Nevertheless, overexpression of K-Ras resulted in increased phosphorylation of MEK1/2, a dual-speciWcity kinase as well as the ELK transcription factor, suggesting that K-Ras overexpression correlated with activation of downstream signaling proteins (Benbrahim-Tallaa et al. 2007 ). In addition, when arsenic-transformed RWPE-1 cells were inoculated in immunocompromised mice, the cells expressed matrix metalloproteinase 9 (MMP-9) and human PSA, which are features also common to human prostate cancers (Achanzar et al. 2002) . In summary, depending on the cellular context, arsenic when combined with another ROS-inducer can promote apoptosis of melanoma cells suggesting that arsenic may provide a therapeutic beneWt, while in prostate epithelial cells chronic arsenic exposure induces a malignant phenotype. Regardless of the cell type, it is clear that arsenic is capable of regulating signaling pathways that range from apoptosis to cell proliferation and survival.
Arsenic and disease susceptibility
A study by Kozul et al. (2009) investigated the co-morbidity of arsenic exposure combined with H1N1 inXuenza virus infection in C57BL/6J male mice. A prior 5-week exposure to 100 ppb of arsenite in the drinking water followed by inXuenza virus infection resulted in a severe morbidity, while the viral infection or arsenic alone had essentially no eVect. To assess the role of arsenite in cardiovascular disease, Srivastava et al. exposed ApoE¡/¡ mice to 49 ppm arsenite in drinking water (Srivastava et al. 2009 ). Although plasma triglycerides and large VLDL particles unexpectedly decreased in response to arsenite, atherosclerotic lesions increased in aortic valves and the aortic arch. Consistent with these results is the study by Hays et al. (2008) who demonstrated decreases in the expression of genes associated with the vascular matrix in the hearts of C57BL/6 mice in response to 50 ppb As(III). Hence, both human population and animal studies provide some compelling evidence that the combined eVect of arsenic exposure with some other factor can yield serious health consequences, however, researchers have yet to attribute these health consequences to a speciWc signal transduction pathway.
Future perspectives
One of the major diYculties associated with studying signal transduction pathways regulated by arsenic is that to mimic environmentally relevant exposures in the laboratory requires chronic administration of arsenic or arsenic metabolites at low doses and such experiments are feasible in animal studies, but somewhat more diYcult in cell culture. Nevertheless, Bredfeldt et al. (2006) used an immortalized human bladder cell line (UROtsa) and exposed the cells to 50 nM MMA(III) for up to 52 weeks. The investigators determined that MMA(III) transformed the cells after 24 weeks of chronic MMA(III) exposure, while the cells became hyperproliferative in as little as 12 weeks. These results demonstrate that MMA(III) can cause a gradual progression of cellular phenotype, moving from immortalized urothelial cells to malignant transformation. Therefore, clearly even a low dose of an arsenic metabolite is suYcient to aVect cellular phenotype, but identifying a speciWc signaling pathway or pathways that mediates the change in cellular phenotype remains elusive. In a similar type of study, Zhao et al. (1997) dosed rat liver epithelial cells with arsenite and the cells displayed DNA hypomethylation, but when injected into nude mice the cells developed malignant tumors. At this time, it is diYcult to know whether the diVerences in DNA methylation observed in the two studies are due to cell type diVerences in bladder and liver cells or diVerences in responses due to MMA(III) and arsenite (Jensen et al. 2009; Zhao et al. 1997) .
A recent study by Jensen et al. (2009) may provide some insight as to how arsenicals could change cellular phenotype. An analysis of DNA methylation from MMA(III) transformed UROtsa bladder cells demonstrated an increase in both DNA hypermethylation and hypomethylation in gene promoter regions. Of the genes analyzed, those genes with increased DNA methylation of cytosine in CpG islands in promoter regions had progressively less gene expression as the duration of MMA(III) exposure persisted indicating that epigenetic changes in promoter methylation correlated with a more malignant phenotype. Hundreds of genes had aberrant DNA methylation due to MMA(III) exposure in UROtsa cells. The Holy Grail will be to identify which gene or genes are necessary to acquire a malignant phenotype.
With regard to MMA(III) and presumably arsenite, DNA methyltransferases (DNMT3A and 3B) and demethylases may be the common denominators in the signaling mechanisms that aVect cell phenotype. Although the general phenomenon of DNA methylation is a well-recognized mechanism that leads to transcriptional silencing and loss of gene expression (Jones et al. 1998; Nan et al. 1998) , the regulatory mechanisms associated with DNA methylation at speciWc CpG islands still remain unclear. To add to the complexity of DNA hypermethylation and hypomethylation, even less is known about the molecular mechanisms associated with DNA demethylation (Ooi and Bestor 2008) . With regard to DNA hypermethylation, methylation of the inducible nitric oxide synthase (iNOS) promoter in the region known to associate with the NF-B transcription factor inhibits transcription of the iNOS gene (Yu and Kone 2004) . Although the NF-B binding motif within the promoter of the iNOS gene is methylated and needed for transcription, it is not known what regulates the DNA methyltransferase at the iNOS promoter. Moreover to make the issue even more complicated, one can not ignore the proteins that bind methylated cytosines in CpG islands. These proteins are referred to as methyl-CpG domain (MBD) proteins and their binding to methylated CpG islands serves to repress gene transcription (Bird 2002) . Although MBD proteins play a role in regulating gene expression, DNA methylation is still the essential element in the regulatory mechanism.
At the very least, arsenicals are capable of aVecting the epigenetic landscape in the nucleus which is highly likely to aVect signal transduction pathways in the cell. Given the diverse clinical manifestations associated with arsenic exposure, it may not be surprising to discover that modulation of the epigenome occurs in a cell type-speciWc manner. Using arsenic trioxide to induce apoptosis of leukemic cells and treat patients with acute promyelocytic leukemia is probably the best evidence for a cell type-speciWc response associated with arsenic exposure (Zhu et al. 2002) .
In addition to cell type speciWcity to arsenic exposure, there is also individual variation to arsenic exposure. For example, in a study of a Mexican population that was exposed to arsenic in the drinking water, there were variations in arsenic methylation eYciency among individuals (Gomez-Rubio et al. 2009 ). In another study of Bangladeshi adults whose diets were deWcient in folate, it was found that variability in nutritional status may be a risk factor for arsenic toxicity (Gamble et al. 2005) . Folate is needed for the biochemical pathway of one-carbon metabolism which is essential for methylation of arsenic metabolites as well as DNA. As the signal transduction pathways associated with arsenicals continue to emerge, it may not be long before concrete themes evolve regarding arsenic biology and toxicology that will help in shaping future regulatory, and possibly, dietary standards for human arsenic exposures worldwide.
